The distribution, morphology and morphometry of microglial cells in the chick cerebral hemispheres from embryonic day 4 (E4) to the first neonatal day (P1) were studied by histochemical labeling with a tomato (Lycopersicon esculentum) lectin. The histochemical analysis revealed lectin-reactive cells in the nervous parenchyma on day E4. Between E4 (5.7 ± 1.35 mm length) and E17 (8.25 ± 1.2 mm length), the lectin-reactive cells were identified as ameboid microglia and observed starting from the subventricular layer, distributed throughout the mantle layer and in the proximity of the blood vessels. After day E13, the lectin-reactive cells exhibited elongated forms with small branched processes, and were considered primitive ramified microglia. Later, between E18 (5.85 ± 1.5 mm cell body length) and P1 (3.25 ± 0.6 mm cell body length), cells with more elongated branched processes were observed, constituting the ramified microglia. Our findings provide additional information on the migration and differentiation of microglial cells, whose ramified form is observed at the end of embryonic development. The present paper focused on the arrangement of microglial cells in developing cerebral hemispheres of embryonic and neonatal chicks, which are little studied in the literature. Details of morphology, morphometry and spatial distribution of microglial cells contributed to the understanding of bird and mammal central nervous system ontogeny. Furthermore, the identification and localization of microglial cells during the normal development could be used as a morphological guide for embryonic brain injury researches. 
Abstract
The distribution, morphology and morphometry of microglial cells in the chick cerebral hemispheres from embryonic day 4 (E4) to the first neonatal day (P1) were studied by histochemical labeling with a tomato (Lycopersicon esculentum) lectin. The histochemical analysis revealed lectin-reactive cells in the nervous parenchyma on day E4. Between E4 (5.7 ± 1.35 mm length) and E17 (8.25 ± 1.2 mm length), the lectin-reactive cells were identified as ameboid microglia and observed starting from the subventricular layer, distributed throughout the mantle layer and in the proximity of the blood vessels. After day E13, the lectin-reactive cells exhibited elongated forms with small branched processes, and were considered primitive ramified microglia. Later, between E18 (5.85 ± 1.5 mm cell body length) and P1 (3.25 ± 0.6 mm cell body length), cells with more elongated branched processes were observed, constituting the ramified microglia. Our findings provide additional information on the migration and differentiation of microglial cells, whose ramified form is observed at the end of embryonic development. The present paper focused on the arrangement of microglial cells in developing cerebral hemispheres of embryonic and neonatal chicks, which are little studied in the literature. Details of morphology, morphometry and spatial distribution of microglial cells contributed to the understanding of bird and mammal central nervous system ontogeny. Furthermore, the identification and localization of microglial cells during the normal development could be used as a morphological guide for embryonic brain injury researches.
Introduction
In birds, the cerebral hemispheres develop from the telencephalon by a process of evagination, and there is a gradual thickening of the telencephalic walls as neuroblasts migrate radially from the neuroepithelium lining the ventricular surface of the hemispheres (1) . In chicks the cerebral hemispheres are recognized in 4-day-old embryos with walls of uniform thickness and consisting of undifferentiated neuroepithelial cells. The walls of the hemispheres enlarge independently, and in 8-day-old embryos the ventrolateral wall is slightly thicker than the dorsolateral wall. Over subsequent days, the hemispheres enlarge in all directions and the principal regions and layers are recognized (2) .
The complex organization of the nervous system has been shown to arise from cell proliferation and migration during early histogenesis. Structures in the telencephalon are identified in relatively mature chick brains at 16 days of embryonic development (3), and the histological features observed in the cerebral hemispheres of newly hatched chicks are similar to those seen in 24-dayold and adult chicks (2) .
From the initial neurogenesis, the neurons become intimately related to the glial cells, which in the central nervous system (CNS) of vertebrates carry out specialized functions in close interaction with surrounding neurons and blood vessels (4) . In 16-day-old embryos the differentiation of neurons is sufficiently advanced to enable the distinction between neurons and glial cells by tritiated thymidine autoradiography (5, 6) . The neurons, astrocytes and oligodendrocytes arise from the neuroectoderm (7); however, the origin of microglial cells is still controversial (8) (9) (10) .
The presence of transiently ameboid cells is a typical feature in the developing CNS (8, 11) . Del Río-Hortega (12) first referred to these ameboid cells as possible precursors of microglial cells, implying that the rounded ameboid cells were giving rise to more differentiated or ramified forms. It is well documented that microglial cells exhibit two different morphological forms: ameboid microglia, which exist transiently in the developing brain, and ramified microglia (13) , which also occur in the perinatal brain and represent most of the microglia in the avian and mammalian adult brain (14) .
The roles of microglia can be related to many of the complex morphogenetic and histogenetic processes occurring during CNS development to establish the complex network of connections present in the adult (8, 15) . Besides promoting axonal growth, the microglia also exhibit phagocytic activities, specifically in the elimination of transitory or aberrant axons and the removal of apoptotic bodies, which are abundantly present in the normal developing CNS, and also promote axonal growth and stimulate the vascularization of the CNS (7, 8, 10) .
The distribution and morphology of microglial cells in the brain of mammalian and bird embryos and adults and in the optic nerve, retina and cerebellum have been studied with the aid of markers and histochemical procedures (2, 9) . Specific labels, such as the lectins, are able to recognize the microglial phenotypes with greater precision (16) (17) (18) (19) (20) . The localization of reactive microglial cells during the normal development of the nervous system could be used as an accessory procedure for delineating areas of neurotoxicant-induced brain injury (8, 21) .
The aim of the present study was to characterize the distribution and morphological and morphometric features of the microglial cells present in the developing cerebral hemispheres of embryos and neonatal chicks by labeling with the lectin Lycopersicon esculentum.
Material and Methods
Gallus domesticus eggs were incubated at a temperature of 38ºC and 65% humidity. Seventy-six embryos were analyzed, ranging in age between the 4th embryonic day (E4) and the 1st neonatal day (P1). On each embryonic day, four embryos were desensitized and sacrificed, and the brains were quickly removed and fixed in 4% paraformaldehyde in 0.1 M phosphate-buffered saline (PBS), pH 7.4, at 4ºC and then transferred to 30% sucrose in 0.1 M PBS at room temperature.
Brain tissue blocks were cut into 30-µm frozen sections and pre-incubated with 2% H 2 O 2 in methanol for 15 min to block endogenous peroxidase reactivity, before being washed twice in 0.1 M PBS and once in PBS with Triton X-100. Serial sections were then incubated overnight with L. esculentum lectin (6 µg/ml in PBS) conjugated with biotin (Sigma, St. Louis, MO, USA) at 4ºC. Sections were then incubated with the avidinperoxidase complex (Sigma) for 1 h at room temperature and washed three times in PBS. The reaction was visualized by application of a 3,3'-diaminobenzidine solution (1 mg/ ml; Sigma) and H 2 O 2 (1 ml/60 µl), before counterstaining with Harris' hematoxylin. Sections of E7 (4 embryos) and E18 (4 embryos) were incubated without lectin as a negative control.
In this study, the labeled microglial cells were classified into three groups: ameboid cells, primitive ramified cells, and ramified cells (22) . The regions of the cerebral hemispheres were described according to a new terminology for the avian telencephalon (23) .
Morphometric analysis of microglial cells was performed by cell diameter measurement using a light microscope with an eyepiece scale (10X). The diameter of microglial cells was obtained from the average of the longitudinal and transverse axes. From E18 to P1 the cellular processes were also measured. The number of cells needed to establish the average size was determined by the equation n = 1.96 s/l, where s = standard deviation of the first five cell measurements and l = 10% of the first average (24) .
Stereological analysis of the sections was performed with the Weibel graticule (40X) (25) 
Results
Serial sections of the cerebral hemispheres of chick embryos between the ages of E4 and P1 were analyzed and lectinlabeled microglial cells were identified. Figure 1 shows in rostral and intermediate sec- tions the main locations of lectin-reactive cells at three representative developmental ages. The microglial cells showed a diversity of shape and size (Table 1 ) and were distributed in the different areas of the cerebral hemispheres (Table 2) .
In E4 embryos the cerebral hemispheres presented walls of uniform thickness, and labeled ameboid cells were observed mainly in the leptomeninges and in the CNS parenchyma. At E5 the hemisphere walls were with a short process. Some cell clusters were visualized towards the dorsal pallial region.
During the period between E18 and E21 the first ramified microglial cells ( Figure  2D ) with long processes (Table 1) were observed mainly in the dorsal pallial region, although these were also present in the subventricular layer and meningeal tissue. After hatching (P1), only the ramified microglia were labeled, with most of the cells distributed in the area of the nidopallium, mesopallium, dorsal corticoid area, from the subventricular layer and pial surface to the area of the lateral striatum and medial striatum, where there was a smaller number of microglial cells.
Discussion
In the present study, microglial cells displayed intense labeling with L. esculentum lectin and during the CNS development of G. domesticus ameboid microglia, primitive ramified microglia and ramified microglia were all identified. These results are similar to those described for the quail cerebellum and for the cerebral hemispheres of chick embryos and chicks (2, 26) .
The distribution of the ameboid microglial cells in the subventricular layer suggests that these cells are the microglial precursors, since they are present from the earliest ages studied and they morphologically resemble the cells described for the cerebral hemispheres of chick embryos and chicks (2, 9) .
During development, the distribution of microglial cells probably depends on the functions that they perform, but this distribution may be a consequence of their migration to their final locations in the adult CNS. This is similar to the situation in neuroblasts, which play no specific role before they reach their final location (7) .
The temporal-spatial distribution of lectin-reactive cells observed here shows that the microglial cells are present in the cere- enlarged in all directions and the ventricular layer could be recognized. There was a marked increase in the number of microglial ameboid cells at this age, distributed throughout the ventricular layer and in close approximation to blood vessels (Figure 2A) . From E5 to E8 there was no increase in the number of ameboid microglial cells. At E9 there was a decrease in the number of ameboid cells ( Figure 2B ), and after E18 these cells were no longer observed (Figure 3 ). In the subventricular layer and dorsal pallial structures a large number of lectinreactive cells were observed, when compared to the apical part of the hyperpallium and mesopallium region. After E9, an increase in labeled cells was identified in the area of the striatum. Primitive ramified microglial cells ( Figure 2C) were recognized in the subventricular layer and in the hypopallium, mesopallium and nidopallium regions in embryos between E13 and E20. The primitive microglial cells have a large cell body bral hemispheres from early neurogenesis and tend to increase in number during CNS differentiation. These observations corroborate the hypothesis presented by others (10) and are compatible with the descriptions of different areas of the CNS including the quail cerebellum (26), quail retina (22) and the prenatal rat hippocampus (27) . Microglia constitute a significant part of the glial cell population, between 5 and 12% of the total number of CNS cells (28) , and are distributed unevenly in the regions of the CNS (29, 30) . Our data show the percentage of microglial cells in a particular area of the chick CNS, the cerebral hemispheres, that explains the lower percentage of microglial cells present in Figure 3 compared to the literature. During development, the differentiation of the ameboid lectin-reactive cells into primitive ramified and ramified microglia suggests that these cells may belong to a single glial population, and that during neurogenesis they develop into morphologically distinct types characterized by a decreased volume of the cell body, a decrease in the number of vacuoles and the growth of processes leading to the final differentiated, resident ramified form (2, 9, 27) . Therefore, our results suggest that in the cerebral hemispheres apparently not all the ameboid cells develop into ramified resident microglia ( Figure 2 ). Other studies (2, 27) have shown that many ameboid cells carry out a phagocytic function and in specific conditions in the neuronal environment they can undergo cell death. Other cells can reach the immature stage, characterized by the poorly ramified microglia form and they can be activated by adverse conditions to the nervous system, returning to the phagocytic form. Only a part of the microglial precursor population would pass through all the stages reaching the mature ramified form during the late embryonic development and the initial postnatal phase, a hypothesis supported by the small number of ramified lectin-reactive cells in comparison to ameboid cells.
Microglial cells are considered to be the most plastic cell population in the CNS and exhibit a primordial activity in normal embryonic development and adult brain function. They have also assumed an important role in various neurodegenerative diseases and neurological disorders (31) and this will be the focus of study in microglia research in the next decades. 
